INTRODUCTION.
Some experiments have recently been described (Fenn, 1927) which successfully demonstrated an increased oxygen consumption of the nerves of dogfish and frogs during stimulation, thus confirming Tashiro (1913) and Parker (1924-25) who measured CO2 output as well as Downing, Gerard, and Hill (1926) and Gerard (1927, a and b) who measured heat production. The apparatus, a differential volumeter, consists of two small flasks attached through suitable cocks to opposite ends of a horizontal capillary tube containing a tiny kerosene index drop. If sodium hydroxide is contained in one of these bottles with the nerve, then the index drop moves toward the nerve bottle and measures by its rate of movement the rate of oxygen consumption. The other bottle is empty and serves for temperature compensation. If sodium hydroxide is omitted from the nerve bottle COs is not absorbed and the movements of the drop then indicate the difference between O3 consumption and COs output. By alternate measurements on the same nerve with and without NaOH, both O3 and COs changes can be measured. Experiments of this type on dogfish nerve (Fenn, 1927) yielded values for COs considerably less than those for 03, giving an apparent R.Q. of 0.7 to 0.8. A rough estimate showed that the true R.Q. might nevertheless be very nearly 1, because of the COs retained as the COs tension inside the respiration chambers progressively increased.
In similar experiments on frog nerves reported in this paper, t t The results of these experiments were reported to the American Physiological Society, April, 1927 , at Rochester, N.Y., Am. J. Physiol., 1927 an attempt has been made (a) largely to avoid this CO~ retention by studying the nerve at high CO2 tensions; and (b) to calculate the CO2 retained, from measurements of the COs dissociation curve of nerve.
Method.
The differential volumeter used for these experiments is a very sensitive one, having a capillary about 0.3 ram. in diameter, the bottles holding only about 3.5 to 4 cc. A movement of 1 cm. in the +.3 Cmr~. Table I , Experiment 9, a, b, c, d, for calculation of the R.Q.). capillary corresponds to an 02 consumption of 2 × 0.00073 = 0.00146 cc. The two sciatic nerves from one good sized frog (R. pipiens, 3 to 3½ inches long) were usually used. Reference must be made to the previous paper for details of the technique.
Results.
A typical experiment of the type described is plotted in Fig. 1 . Ordinates represent rates of movement of the index drop or rates of volume change per gin. of nerve per minute. Abscissae represent times; hence areas represent volumes. In this case 80 rag. of nerve were used in an atmosphere of 20 per-cent CO~ in oxygen without NaOH.i~: The bottle contained in addition 0.1 cc. of 0.1 ~r HC1 to absorb any possible ammonia. Under such circumstances the retention of carbon dioxide is small and the oxygen consumed is only slightly greater than the carbon dioxide output, as shown by the very small rate of movement of the index drop. The two nerves were stimulated four times for 20 or 30 minute periods as indicated by the black marks. Fig. 1 . The results of stimulation periods from Experiments 5, 7b, 8b , and 12 of Table I are plotted. All the nerves were in 6 to 10 per cent CO2 atmosphere except in the last two stimulation periods of Experiment 5, as noted.
The stimulating current came from the secondary of a Harvard induction coil, coil distance 13 cm., and with a P.D. of 0.56 volts across the primary terminals (weak stimulation). A glance at Fig. 1 shows the characteristic effect of stimulation--first an abrupt rise, then a more prolonged fall outlasting the stimulation period and followed by a slight rise which is scarcely greater than the experimental error and which does not always appear. The area of each of these rises and falls is indicated in Fig. 1 in c. ram. per gin. of nerve per minute of stimulation. ~ These volumes are all small (varying from 0.03 to 0.12 c. ram.) compared to the excess oxygen consumption, which in m y experiments has an average value of 0.32 c. ram. per gin. nerve per minute of stimulation. In the first period of stimulation (Fig. 1 ) the two rises represented volumes of 0.034 and 0.051 or a total of 0.085 c. ram.; the fall was 0.079, the difference being 0.006 c. ram. If the oxygen be taken as 0.3 c. ram. (from other experiments) then the apparent CO2 must have been 0 . 3 -0 . 0 0 6 = 0.294. The other periods of stimulation in Fig. 1 figure. The calculation of the true R.Q. will be described in connection with Tables I and I I Table I ) the last two stimulation periods were run in oxygen rather than in a CO2 mixture. The results are similar except that the rise is greater and the fall is less 2 Strictly, the~e figures are not areas but rates assumed to persist for the duration of the stimulation period. True areas are obtained by multiplying by the duration of the stimulation in minutes. and somewhat delayed. In the second graph (Fig. 2) are the results of an experiment in 10 per cent CO2, in which, in both stimulation periods, the fall was much greater than the rise, indicating an excessive CO2 output. It would seem possible that in this case recovery was incomplete and some of the CO2 eliminated was derived from preformed carbonates.
In Fig. 3 are plotted the results of three stimulation periods on three different pairs of nerves kept in an atmosphere of oxygen with only traces of carbon dioxide. These experiments show clearly a distinct fall following stimulation. Similar falls would presumably have appeared with equal clearness in the two stimulation periods in 02 of Fig. 2 , Experiments 5 c and d, if the readings during recovery had been continued longer. Both in oxygen and in 10 per cent CO2 there is, therefore, a period in which the CO~ output exceeds the oxygen consumption. The presence of CO2 serves merely to increase the magnitude of this COs outburst and to cause its appearance within 10 to 15 minutes of the beginning of stimulation rather than at the close of stimulation as in Fig. 3 . The interpretation of these results will be discussed in more detail below.
The upper graph in Fig. 3 illustrates the characteristic initial variations in the resting rate. At first in the absence of NaOH and of COs the gas in the nerve chamber increases in volume and the drop moves away from the nerve chamber This might be due to an initial "gush" (Parker, 1924-25) of COs without a similar increase in O~, but the fact that it may occur also in an atmosphere of 10 per cent CO2 ( Fig. 1 upper graph) suggests that some other factor may be involved. After about 1 hour this movement ceases and a slow movement toward the nerve chamber begins (plotted as a positive rate in Fig.  3 ). This rate usually increases very gradually throughout the course of an experiment. In the presence of COs (5 to 20 per cent) the resting rate of movement of the index is never greater than 1 mm. in 10 minutes. In pure oxygen, however, it may be as high as 2 or 3 mm. in 10 minutes. This calculates out to a volume change of 0.1 to 0.2 c. ram. per gm. per minute. The high rate of 0.6 c. mm. shown in the third period of Fig. 3 is exceptional. The oxygen consumption of these same nerves, subsequently measured, was also very high, 1.8 c. mm. per gm. per minute. It may have been also an exceptionally well buffered nerve, or its R.Q. may have been unusually low.
The Respiratory Quotient of the Excess Metabolism.
Further consideration of the time relations of the oxygen consumption and carbon dioxide output will be reserved until after the method of calculation is described. This involves the determination of the respiratory quotient, after correcting for the CO2 which is retained by the nerve. The experiments used for this purpose are tabulated in Table I . The value used for the excess oxygen consumption due to stimulation is given in Column 2. Figures marked with an asterisk were experimentally observed. Others are assumed on the basis of many other experiments on similar nerves. Column 3 gives the observed value of 02 -CO2 or the algebraic sum of all the deviations from the resting base line, such as those illustrated in Figs. 1 to 3. Column 3 gives the difference between the Os and the Os -CO-* values, representing, therefore, the observed output of COs per gin. nerve per minute of stimulation. As already explained this is not the total CO.., especially in experiments run in pure oxygen, because CO~ is retained by the nerve as the COs tension rises in the bottle.
The amount retained will depend upon (1) the rate with which the COs tension rises and (2) minute by a nerve of weight, w gin., in a bottle of 3.6 cc., then the rate of increase of the CO~ tension is wA/3.6 X 760 or 211 w A. The slope of the CO~ dissociation curve of nerve is taken from measurements to be reported elsewhere. It is expressed in Table I (Column 7) in cc. of CO~ absorbed by 100 gin. of nerve for 1 mm. Hg rise in COs tension when the nerve is in an atmosphere containing COs at the concentration shown in Column 6. Examination of Columns 6 and 7 will show that the slope is high (1.5 cc.) in pure oxygen but decreases rapidly to 0.2 cc. at 6 per cent CO2 and to 0.14 cc. at 20 per cent. Above 6 per cent therefore it is not very different from the slope, similarly expressed, for pure water at 22°C., which is 0.109 cc. The COs retained by 100 gm. of nerve per minute in the bottle used when A cc. is liberated per minute, will therefore be 211 A w X slope. The results of this calculation are given in Column 8. Thus in the first example of Table I it is found that, with a nerve of 74 mg., when 25.1 X 10 -5 cc. of COs is observed to accumulate in the bottle, another amount of COs equivalent to 23 per cent of this value must have accumulated inside the nerve due to the buffering of the tissues. The CO-* retained per gin. of nerve per minute of stimulation is given in Column 9, this being the product of Columns 8 and 4. Column 10 gives the rate with which COs would be expected to dissolve in the small amount of HC1 which was contained in the respiration chamber in Experiments 7, 8, 9, 10, and 12 in order to absorb any possible ammonia. It is calculated from the solubility of CO-* in water and from the rate with which the CO~ tension would be increasing in the bottle due to the excess metabolism resulting from stimulation (Column 4). 3 Column 11 gives the corrected CO2 (Columns 4 plus 9 plus 10). Column 12 gives the respiratory quotient calculated from Columns 2 and 11. The average value for the R.Q. from Table I is 1.19. The significance of this figure may now be considered. The method is open to a number of objections.
1. There is considerable error in calculating the CO~ retained, particularly in pure oxygen, where the slope of the dissociation curve is high but is rapidly decreasing during the experiment as the CO~ tension rises. Moreover, by a calculation previously outlined (Fenn, 1926-27) it can be shown that the CO~, tension at the inside of these nerves may be 3 to 4 ram. Hg. higher than at the periphery. The actual slope which should be used for correction therefore varies from 0.8 to 2.3 cc. at different times after the beginning of the experiment, and at different parts of the nerve. (The tensioyl of CO2 increases in the respirometer at an approximate rate of 1 nun. Hg. per hour.) Nevertheless, using the average value of 1.5 for the slope, the calculated R.Q.'s for the experiments in oxygen do not seem to differ significantly from those run in an atmosphere of carbon dioxide where the corrections are almost negligible. Even if these corrections are neglected one still finds some values for the R.Q. which are greater than 1.
2. Except in a few cases, shown by an asterisk in Table I , Column 2, the values for the oxygen consumption were not directly measured but were assumed from other experiments with similar nerves. This became necessary because so much time was required to get a good base line before stimulation and to get a complete recovery after stimulation. Moreover the oxygen consumption observed at zero CO~ tension is assumed valid for the experiments at high CO~ tensions where a lower value might be expected (Hyman, 1925, for example). Since, however, it is the difference between oxygen and carbon dioxide 3 If the actual volume of HC1 used was 0.1 cc. and the weight of the nerve was 0.1 0.07, then the volume of HC1 was taken to be ~_-_-_~. The rate of solution in HCI is therefore expressed also in cc. per gin. of nerve per minute.
which is directly measured, a considerable error in the absolute values of 02 makes little difference compared to other errors involved and could in any case change only the magnitude, not the direction of the deviation of the observed R.Q. from 1.0.
3. A very small error in determining the resting rate or base line may make a very large error in the value obtained for 02 -CO~. This is due to the fact that the volume changes which must be determined are spread out over considerable time. If the base line is located a little too high it may diminish somewhat the magnitude of the observed rise and simultaneously increase markedly the magnitude of the observed fall. Study of the graphs of Figs. 1 to 3 in this paper will show many cases where the base line seems very arbitrarily chosen. No. 8b (lower left hand graph of Fig. 2 ) is a good example. If the base line had been taken slightly higher the secondary rise of 0.028 c. ram. would have completely disappeared and O~. -COs would have been perhaps 0.07 instead of 0.007 and the R.Q. would have been 1.3 instead of 1.09. It must be admitted that the prolonged recovery is very unfortunate for the method of analysis used. On the other hand these errors must tend to average out and there are certain experiments (cf. Fig. 2 , No. 12) in which no possible change in the base line could make the R.Q. = 1 or less.
4. A fourth objection is the most difficult to evaluate. The method is based upon the assumption that when the rate of movement of the index drop returns permanently to normal the recovery is complete and the nerve is in exactly the same essential condition as before stimulation. This assumption is made particularly doubtful by the high values averaging 1.19 which were obtained for the R.Q. of the excess metabolism. One explanation which suggests itself for this value is an accumulation of acid within the nerve which breaks up preformed carbonates. To measure directly this change in preformed carbonates, however, as in Warburg's method, one must measure a small difference in a relatively large value* and one must use several samples of tissue which are assumed identical. Moreover without * The total CO~. liberated from 1 gm. of nerve by immersion in acid is about 0.1 cc. The extra CO2 (03 -CO2) liberated in Experiment 12b, Table I , was 9.6 >( 30 × 10 -~ or 0.0029 cc. per gm. of nerve, which is less than the error in determining the total CO~.
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m a n y samples one cannot get the rate of CO2 output from m o m e n t to moment. Attempts to establish an increased acidity in nerve b y changes in its CO~, dissociation curve have not proved quite accurate enough for the purpose and have given conflicting results.
Other possible explanations for this high R.Q: are: (1) oxidation at the expense of some reducable substance other than O2 (cf. glutathione) which is not completely oxidized again in recovery; (2) (3) 
The Respiratory Quotient of Resting Nerve.
In Table II an analysis is made of the observed values for the resting 02 -CO2 rate from the same twelve experiments included in Table I . The method of calculation of the CO~ correction is the same as before. The average of all the values for the respiratory quotient is 0.97. Here again the difficulties involved in determining the slope of the COa dissociation curve in experiments in oxygen makes these results particularly unreliable and they are accordingly enclosed in brackets. The average of the results for the other seven experiments gives a value of 0.96. Omitting No. 6, the results vary only from 0.94 to 1.05. There is no obvious reason for believing that these values do not represent the true respiratory quotient of resting nerve, although it is possible that future experiments may demonstrate a progressive increase in the acidity of nerves kept under the conditions of these experiments and hence point to a liberation of preformed COs. ~
The Time Course of the Gas Exchange of Stimulated Nerve.
While these experiments still leave the question of the true respiratory quotient of the excess metabolism in some doubt they d o give a good idea of the time course of the gas exchange. This may be diagrammed as in Fig. 4 . Ordinates represent c. ram. per gin. per minute of stimulation, the period of stimulation being 30 minutes long. The two observed curves are those in solid lines for oxygen and for O, -CO,. The former shows a gradual rise to a maximum rate of 0.32 ram. and a gradual falling off in recovery. The total area under the curve (0.32 × 30 = 9.6 c. ram.) is the same as if this maximum rate had been maintained for exactly 30 minutes and had then fallen instantly to zero. The O2 -CO2 curve shows an initial rise (area = 0.039 × 30 = 1.17 c . ram.), a more prolonged fall (area = 0.112 × Since the completion of these experiments (March, 1927) I have had a personal communication from Dr. Gerard who has been doing similar experiments by a modified method in Meyerhof's laboratory in Berlin. He reports an R.Q. of the e x c e s s metabolism of 1.0 and resting values less than this. While his absolute values are lower than mine there is agreement in finding the excess R.Q. higher than the resting.
30 ---3.36 c. ram.), and a small, much delayed, and somewhat doubtful rise (area = 0.04 × 30 --1.2 c. mm.). The magnitude of these areas are averages taken from all the experimental curves which have been obtained including those in Figs. 1 and 2 . The difference between the oxygen and the O3 -CO~ curves is plotted (solid line) as the CO~ output in 10 per cent CO2 mixtures. There is evidently a characteristic delay in the appearance of the COs. The true COs curve is slightly higher than this one by 1 to 2 per cent, due to retention of COs. Likewise the COs output in oxygen is lower than this curve. One possible curve for COs output in oxygen is plotted in Fig. 4 line) on the reasonable assumption (cf. Table I , Column 8, Nos. 1 to 5) that 22 per cent of the COs liberated in an atmosphere of 10 per cent CO, would be retained in oxygen. From the difference between this curve and the oxygen curve, another dotted curve is drawn for the O3 -COs in oxygen. The exact shape of such a curve depends upon both the size of the nerve and the size of the bottle, for this determines the rate of increase of the COs tension. It is obvious, however, that the appearance of negative rates immediately after stimulation agrees well with the experimental curves plotted in Fig. 3 for O~ -CO~ in oxygen. The areas of the initial rise and the secondary fall in seven curves (in Os) similar to those in Fig. 3 were 2.6 and 1.7 c. mm., respectively. The areas under the calculated curve in Fig. 4 are 2.0 and 1.35 c. mm, i.e., slightly higher but of the same relative magnitudes. This diagram would seem therefore to justify the interpretation which has been offered for the experimental curves. In Fig. 4 there is diagrammed a small rise in the base line beginning a half hour after the close of the stimulation period and lasting for another half hour. This feature of the curves is absent in some, doubtful in others, but present with certainty in a few (cf. Fig. 2, No. 12, one of the most reliable of the experiments from this point of view because of the large weight of nerve used). The interpretation of this fact is not clear.
That the peculiar time course of these curves for Os -COs is readily explained in its chief features at least from considerations of the diffusion coefficients and solubilities of O~ and CO2 in nerve tissue, is made evident from the theoretical curves which are plotted in Fig. 5 a n d which show the same general shape as that found experimentally. The calculation is based upon the fact that although COs diffuses 30 times as fast as oxygen (Krogh, 1918-19) constant, 6, is the average of 11 determinations as follows : 12, 8, 4, 5, 3, 7, 6, 6, 7, 4, 8. 7 The solubility of oxygen in nerve is taken as equal to its solubility in water at 22°C., i.e. 0.02988 cc. per atmosphere pressure per cc. of water. The solubility of COs from 10 per cent CO~ mixtures by actual measurement was 1.45. The time constant 30 for the diffusion in of oxygen should therefore be 6 × 48. 5 -3"7"8 Now, assuming a certain stretch of nerve in which at time, t = 0, a certain volume of oxygen, Vo, is consumed, and a certain volume of CO2, Vco2, is formed, then the value of O~ -COs = V outside the nerve at time, t, will be
and the rate of volume change outside will be
This formula, with different time constants, fits the experimental facts for muscle fairly well when the muscle is stimulated for only a few seconds. 9 The nerves, however, are stimulated for 30 minutes. Such a stimulation period may be regarded as a series of thirty 1 minute periods, for each of which the above equation will apply. The graph of this equation has, therefore, been plotted out and the average value of the tare for each minute from 0 to 30 has been estimated graphically. Adding together all the individual minute changes, the rate of volume change (or 02 -COs per minute) for the whole stimulation period can be estimated. The curves of Fig. 5 are the result. It is believed that all the experimental curves should lie approximately between these two extremes, the upper one representing 7 This equation is theoretically incorrect but accurate enough for the present purpose. The experimental agreement with the theoretical equation will be described in a later paper.
8 Gerard, 1927, b, notes.a calculation of the rate of saturation of nerves with oxygen which would indicate a time constant much smaller than this, 0.5 instead of 3.7. My CO2 figure is certainly nearly correct and oxygen could hardly diffuse much faster. Possibly the calculation applied to very small nerves. 9 Fenn, W. O., 1927-28, Am. J. Physiol., in press. an R.Q. of 1.0 and the lower an R.Q. of 1.2. For the latter curve one uses the same equation but inserts 120 for Vco~ instead of 100. Using 100 for Vo~ the result comes out in per cent of the total excess oxygen consumption. The experimental diagram of Fig. 4 was drawn before the theoretical interpretation of Fig. 5 was worked out. Aside from the general shape of the curves the agreement in the time relations is noteworthy. It would seem to indicate that diffusion factors were su~cient to account for the recovery processes in nerve after stimulation. A slightly delayed oxygen utilization after stimulation as well as a delayed intake is possible but is not demonstrated in my experiments. There could be no oxygen lack inside the nerves even during stimulation (Fenn, 1926-27) .
In the graphs of Fig. 3 particularly there is to be seen a marked fall in the curve immediately after the end of stimulation. This feature is well explained by the theoretical curves of Fig. 5 . Too much stress should not be laid, however, upon the exactness with which Fig. 5 reproduces the experimental curves. There is also one rather striking difference which may be significant. As diagrammed in Fig. 4 the initial rise of the curve for O~ -CO2 in 10 per cent CO~ is nearly 50 per cent of the maximum oxygen rate. In the theoretical curves (Fig. 5 ) this initial rise is only 6 to 16 per cent of the excess oxygen rate. This might be due to a delay "m the formation of CO2 after the actual consumption of the needed oxygen. It might also be explained by a difference in the diffusion rates for 02 and CO, greater than that assumed, Evidence has been brought forward by Tashiro (1922) and by Winterstein and Hirschberger (1925) that ammonia is liberated from nerve in increased amounts during stimulation. In order to avoid errors from this source some of the experiments of Tables I and II were run with a small amount of 0.1 ~ HC1 in the nerve chamber, as already mentioned. No certain difference could be observed between these experiments and others in which the HCI was omitted. The conclusion must be drawn that under the conditions of my experiments inappreciable amounts of ammonia are eliminated. There remains the possibility that ammonia might maintain a very low and constant vapor pressure (not increasing on stimulation) in an empty bottle and so distil over into HC1 if that solution were present. S~R ¥ .
1. By means of a differential volumeter the increased oxygen consumption and the increased carbon dioxide output of frog nerve during and after stimulation have been observed.
2. Measurements of the R.Q. of nerve by this method are complicated by the retention of carbon dioxide. Attempts were made to avoid this (a) by studying the nerves at high CO2 tens'.ons to make the retention small and (b) by calculating the amount of CO~ retained from the carbon diox:de dissociation curve of nerve and applying this value as a correction.
3. The results of both those methods when averaged together give an R.Q. of the excess metabolism of 1.19 and an R.Q. of the resting nerve of 0.97. 4. Observations on the time Course of the gas exchange during
